The differences between MoS2, CoMoS and NiMoS HDS catalysts supported on γ-alumina and high SSA titania are investigated based on the results of [ 35 S]DBT HDS experiments. Previous studies of MoS2 and CoMoS are reviewed, discussed and compared with new results for NiMoS. Introduction of Ni or Co to MoS2/Al2O3 catalysts classically yields a signifi cant increase in HDS performance. Irrespective of the promoter, an increase in S0, the number of labile sulfur atoms, is observed. In contrast, kRE kRE k , the H2S liberation rate constant, plotted as a function of the Ni/Mo ratio, presents a volcano profi le on Ni-promoted catalysts, but kRE kRE k reaches a plateau from low Co/Mo ratios on Co-promoted catalysts. The TiMoS phase, which is formed in-situ during HDS on Mo/ TiO2 catalysts, promotes sulfur mobility and makes Mo/TiO2 catalysts more active than Mo/Al2O3 catalysts. Nevertheless, CoMo/TiO2 catalysts are less active than CoMo/Al2O3 catalysts because further promotion of TiMoS phase with Co might yield excessive weakening of the metal _ sulfur bonds, and/or some Co atoms might be lost in the TiO2 matrix without interacting with MoS2. In contrast, introduction of Ni to Mo/TiO2 catalysts yields significant increases in both kRE and S0. The NiMo/TiO2 catalysts exhibit HDS performances close to those of Al2O3-supported catalysts. Clearly catalytic behavior over Co-and Ni-promoted catalysts is different.
Introduction
Enhancement of fuel quality for better environmental characteristics is dependent on improved performances of hydrodesulfurization (HDS) catalysts 1) . For example, the limit for sulfur of 50 ppm in light gas oils is now in effect in Japan, but will be decreased to 10 ppm by 2007. Therefore, present research is intended to rapidly develop more active and selective catalyst formulations 2) . Conventional HDS catalysts consist of MoS2 slabs decorated by Ni or Co atoms ( NiMoS or CoMoS phase) supported on a carrier, usually γ-alumina. NiMoS or CoMoS-based catalyst performance can be improved by adding third elements such as fluorine 3) ,4) , phosphorus 5) 11) or boron 10) 17) . The use of other active phases such as WS2 18) , 19) , CrSx 20) 24) , noble metals 20) ,22), 25) 35) , as well as other carriers such as TiO2 or mixed oxides 36) 55) or carbon 56) and zeolites 57) , 58) has also been investigated. Titania carrier appears promising since the specifi c activity of MoS2/TiO2 catalysts for thiophene HDS was 4.4 times higher than that of MoS2/Al2O3 catalysts 36) . However, conventional titania support has low specific surface area and poor mechanical properties which are not suitable for catalytic applications. Recently, a new titania support, which has high specific surface area (SSA) of ca. 134 m 2 g −1 and excellent mechanical properties, was successfully synthesized by Chiyoda Corp. 59 ), 60) . The titania support is believed to improve the HDS activity of non-promoted MoS2 catalysts based on better Mo dispersion 38) , 41) and easier sulfidation of the active phase 44) . The use of TiO2 also increases the mobility of the sulfur atoms 49) ,50) 52),54),55), 61) . The DBT HDS activity of the non-promoted MoS2 phase can be increased by using high SSA titania support 50) , 54) . Such MoS2/TiO2 catalysts are signifi cantly
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Comparison by 35 . The present study investigated the activity of NiMo catalysts supported on high SSA titania in terms of sulfur vacancies and sulfur mobility for CoMoS/TiO2, CoMoS/Al2O3, NiMoS/TiO2 and NiMoS/Al2O3, and proposes some possible solutions for improving the activity of titania-supported HDS catalysts.
Experimental

1. Catalysts
The TiO2 support (anatase) used in this study had a SSA of 134 m 2 g −1 as supplied by Chiyoda Corp. The NiMo/TiO2 and CoMo/TiO2 catalysts were prepared by successive incipient wetness impregnations of molybdenum and nickel or cobalt. First, Mo/TiO2 catalyst loaded with 16 wt% Mo, which is the optimal Mo loading 55) , was prepared: titania was impregnated with an aqueous solution containing the desired amount of ammonium heptamolybdate, followed by drying at 120 C for 3 h and calcining in air at 500 C for 3 h. Then, the Ni(or Co)Mo/TiO2 catalyst was prepared by a step-bystep incipient wetness impregnation of the previously prepared Mo/TiO2 catalyst. The Mo/TiO2 catalyst underwent successive impregnations with an aqueous solution containing a given amount of cobalt or nickel nitrate hexahydrate. For each step, the amount of metal (Co or Ni, indicated as Me ) equivalent to a Me/ Mo molar ratio of 0.1 was impregnated and the procedure was repeated until the desired Me/Mo ratio was reached. After each impregnation step, the obtained solids were dried at 120 C for 3 h and then calcined in air at 500 C for 3 h. MeMo catalysts supported on alumina were similarly prepared from the optimal Mo/ Al2O3 catalyst loaded with 16 wt% MoO3 (alumina SSA: 256 m 2 g −1 ). The amounts of deposited molybdenum and nickel or cobalt were checked by X-ray fl uorescence measurements with an EDX-800 spectro meter (Shimadzu Corp.).
Apparatus and Procedure
The catalysts were packed in a reactor and presulfided under a flow of 5% H2S/95% H2 (5 l h −1 , 0.1 MPa, 400 C). The reactor was then cooled to room temperature and pressurized with hydrogen. The reactant solution (DBT dissolved in decalin) was fed into the reactor pre-heated at the desired reaction temperature using a high-pressure liquid pump (Kyowa Seimitsu, ), and W is the weight of catalyst (g).
W is the weight of catalyst (g). W Although the temperature conditions of HDS were different for the TiO2-supported catalysts and Al2O3-supported catalysts, these temperatures were considered to be within the allowable range for comparison.
Results and Discussion
1. Non-promoted MoS2 Catalysts Supported on
Al2O3 and High SSA TiO2 Various differences have been observed between the catalytic behavior of non-promoted Mo/Al2O3 and Mo/ TiO2 HDS catalysts. In our previous studies, the catalytic results obtained in the reaction of HDS of DBT over Mo/TiO2-based catalysts were interpreted based on the properties of the so-called TiMoS phase 51),52), 54) , which is formed under HDS working conditions. In this catalytic system, the titania support acts as a promoter of the MoS2 phase 64) , even if some points are controversial 65) . Density functional theory (DFT) calculations combined with 35 S experiments results showed that the metallic edge of the MoS2 particles is the active site in HDS on non-promoted catalysts 63) . On the metallic edge, the sulfur-replenished HDS active sites are dynamically reconstructed (regeneration of coordinatively unsaturated sites) by elimination of an H2S molecule via a mechanism that is fully described elsewhere 63), 66) . We obtained very good agreement between the activation energy of the H2S liberation reaction from the metallic edge of MoS2 calculated by DFT of about 50 kJ mol −1 and the experimental finding of about 42 kJ mol −1 63) . However, the DFT calculations were performed for MoS2 crystallites, whereas the experiments were performed on MoS2 catalysts supported on Al2O3. Thus, the good agreement between experimental results and calculated values implicitly suggests that the interaction between the Al2O3 carrier and the MoS2 active phase is not very strong or not important for the catalytic behavior of the supported MoS2 active phase.
Geometrical considerations suggest that there may be no fundamental difference in morphology for the MoS2 phase supported on alumina or titania 61) . Figure 1 shows the Arrhenius plots for kRE kRE k , the rate constant of the H2S liberation reaction obtained from 35 S radiotracer experiments, over MoS2 catalysts supported on Al2O3 and TiO2. The value of kRE kRE k indicates the reactivity of one active site on a catalyst 62), 63) . The activation energy deduced for MoS2/TiO2 catalysts is the same as that previously determined for MoS2/Al2O3 catalysts 63) of about 42 kJ mol . Despite these similarities between MoS2/Al2O3 and MoS2/TiO2 catalysts, the reactivity differs between the MoS2 phases supported on Al2O3 and TiO2. The promotion effect on MoS2/TiO2 catalysts is evidenced in Fig. 2 , with a specifi c DBT HDS activity per atom of molybdenum of 2.4 times greater over the TiO2 support than over the Al2O3 support. The results of the 35 S radiotracer experiments previously showed that using TiO2 instead of Al2O3 as a support for MoS2 catalysts leads to increased sulfur mobility with kRE about twice higher on titania, whereas the number of labile sulfur atoms is similar at iso-loading of Mo 54) . In brief, the increase in sulfur mobility makes the MoS2/TiO2 catalysts more active than the MoS2/Al2O3 catalysts through formation of the TiMoS phase 54) .
2. Co-promoted MoS2 Catalysts Supported on
Al2O3 and High SSA TiO2 As a basis for comparison of the new results obtained over NiMo/TiO2 catalysts, the main results of our previous investigations on Co-promoted CoMo/TiO2 52), 55) and CoMo/Al2O3 catalysts are summarized here 67) . Similarly to CoMo/Al2O3 catalysts (Fig. 3) 67) , the DBT HDS activity of CoMo/TiO2 catalysts increases with addition of cobalt up to an optimal Co/Mo ratio and then decreases for higher ratios (Fig. 4) 55) . The results of the [ 35 S]DBT HDS analysis show that the increase in activity caused by Co introduction to MoS2/TiO2 catalysts is mainly due to an increase in S0, the amount of labile sulfur atoms. In contrast to the case of CoMo/ Al2O3 catalysts (Fig. 3) , only a very limited increase in kRE, the H2S release rate constant, is observed by Co introduction to MoS2/TiO2 catalysts (Fig. 4) .
Co introduction to MoS2/Al2O3 catalysts results in a significant combined effect of kRE and S0 increases. S0, the amount of labile sulfur on a working catalyst, indicates the number of active sites on the catalyst 62),63) . Therefore, whereas MoS2/TiO2 catalysts are more active than MoS2/Al2O3 catalysts, the extent of the synergic effect induced by introduction of cobalt is much larger for MoS2/Al2O3 catalysts than for MoS2/TiO2 catalysts. Indeed, CoMoS/Al2O3 catalysts are much more active in HDS than CoMoS/TiO2 catalysts 55) . In the so-called TiMoS phase, the electronic density on molybdenum atoms is modifi ed (injection of 3d elec- 64) . 35 S radiotracer analysis shows that with introduction of Co, the increase in mobility of sulfur atoms located in bridging positions between cobalt and molybdenum is much lower over TiO2 than over Al2O3 55) . In other words, the dynamic cycle of sulfur vacancy creation and replenishment cannot optimally occur.
Some cobalt atoms might also be lost in the TiO2 matrix without interacting with MoS2, which could also partly explain the low HDS catalytic performances. Nevertheless, the volcano-type profi les for kRE kRE k and S0 in Fig. 4 suggest that a conventional promotion effect occurs but is very weak. The slight increase in kHDS observed in Fig. 4 could be due to promotion of a small part of MoS2 slabs that are not involved in the formation of the TiMoS phase. Then, if only a part of the TiMoS phase is decorated with Co atoms, the slight increase in kRE can be interpreted as the mean value between the unmodified kRE of the active sites of the Co-independent part of the TiMoS phase, and the increase in kRE kRE k of the few active sites belonging to the MoS2 phase promoted by Co. As the amount of Co introduced increases, the TiMoS phase is further decorated with Co, which results in the unstable metal _ sulfur bond. Then, a decrease in kRE is observed (Fig. 4 , CoMo 0.4), which was not the case for CoMoS/Al2O3 catalysts overloaded with Co (Fig. 3). 
Ni-promoted MoS2 Catalysts Supported on
Al2O3 and High SSA TiO2 Similarly to the CoMo catalysts, a synergic effect is observed between Ni and Mo on alumina-supported catalysts 68 73) . 35 S radiotracer analysis shows that the increase in activity caused by introduction of nickel to Mo/Al2O3 catalysts is due to a concerted increase in kRE kRE k and S0 (Fig. 5) 74) . Ni introduction also causes a substantial increase in activity of Mo/TiO2 catalysts (Fig. 6) on NiMoS/Al2O3 catalysts 75) . These values are lower than the about 42 kJ mol −1 observed over non-promoted MoS2/Al2O3 catalysts 63) or non-promoted MoS2/TiO2 catalysts (Fig. 1) . For S atoms bridged between Co atoms, a mechanism implying H2S departure from the metallic edge, i.e. a mechanism similar to that determined over non-promoted MoS2/Al2O3 catalysts, can be excluded 75) . For cobalt-promoted Mo catalysts, the Co promoter prefers the sulfur edge 76), 77) , which confirms that the promotion effect due to Co introduction on Mobased catalysts cannot be achieved by directly transposing the results obtained for the non-promoted MoS2 catalysts. In contrast, Ni in the nickel-promoted MoS2 catalysts shows greater affinity for the metallic edge 76), 77) , so the promotion effect might originate in the enhancement of the edge sites that are already the active sites for non-promoted catalysts. Further, this difference in the edge involved for each promoter addition is responsible for the different behaviors of hydrogen dissociation over the CoMoS and NiMoS phases 78) . Dissociation of hydrogen requires greater energy on the NiMoS phase, but the adsorbed hydrogen species is more mobile than on the CoMoS phase. However, the origin of the differences in catalytic behavior between CoMoS and NiMoS phases and the dynamic behavior during HDS reactions are not fully understood. 35 S radiotracer analysis shows differences in behavior according to the promoter on alumina supports. For CoMo catalysts, the maximum activity corresponds to the maximum in S0, as the value of kRE kRE k is almost constant irrespective of the Co/Mo ratio. Indeed, kRE quickly reaches a maximum after introduction of a small quantity of Co (from Co/Mo 0.1; Fig. 3) . In contrast, for NiMo catalyst, the maximum activity corresponds to the maximum in kRE, which exhibits a volcano-type profi le when plotted as a function of Ni/ Mo ratio (Fig. 5) , whereas the value of S0 increases in the whole range of studied Ni/Mo ratios.
Using TiO2 as the carrier instead of Al2O3, the difference in catalytic behaviors between the CoMoS phase and the NiMoS phase is even more pronounced. The activity of CoMoS/TiO2 catalysts is much lower than that of NiMoS/TiO2 catalysts (Figs. 4 (300 C) and 6 (280 C)). The slight increase in activity observed on the CoMo/TiO2 catalysts is only due to the creation of a small quantity of labile sulfur atoms. Unlike the case of Al2O3-supported catalysts, the value of kRE kRE k is almost unmodified by cobalt addition. This effect was discussed in 3. 2. In contrast, addition of Ni to the Mo/ TiO2 catalysts leads to a progressive increase in kRE together with a linear increase in S0, similar to the results using the Al2O3 carrier. There is a clear promotion effect of Ni for Mo/TiO2 catalysts, in contrast with the results for Co-promoted Mo/TiO2 catalysts. However, the NiMo/TiO2 catalysts are still not sufficiently competitive in terms of HDS activity compared to the NiMo/Al2O3 catalysts. Indeed, a working temperature of 280 C is necessary to reach a kHDS of ca. 25 10 −4 mol h −1 g −1 for the TiO2-supported NiMo catalysts (Fig. 6 ) whereas a temperature of only 260 C is needed for the Al2O3-supported catalysts (Fig. 5) . Similar to CoMo/TiO2 catalysts, further promotion of the TiMoS phase with Ni might yield unstable metal _ sulfur bonds, which would also generate inappropriate interactions between the sulfur compounds and the active phase. However, this negative effect may be weaker compared with the Co case.
5. Approaches for Increasing the Performances of TiO2 Supported HDS Catalysts 5. 1. Use of Nano-structured TiO2 Supports
The main limitation of the TiO2 carrier is the diffi culty in obtaining high SSA solids. The titania support used in this study has exceptional properties with large SSA and excellent mechanical properties. Use of the high SSA TiO2 support yields Mo/TiO2 catalysts with higher activity than conventional Mo/Al2O3 catalysts for the HDS of DBT. Nevertheless, higher SSA is not the important factor in the formation of highly active Codoped Mo/TiO2 catalysts. For CoMo/Al2O3 sol-gel based catalysts, slight morphological modification of the sol-gel alumina support yields substantial increases in activity 79) . Similar efforts may optimize the structure of TiO2 supports specifically destined for HDS applications. Recently, a nano-structured TiO2 (ca. 350 m 2 g −1 ) was used as a support for CoMo catalysts and the activity in DBT HDS of the CoMo/TiO2 catalyst was about twice that of a CoMoP/Al2O3 _ SiO2 commercial catalyst 80) . In contrast to our fi ndings, a large promotion effect of the Co atoms was observed for the activity of the MoS2 phase supported on TiO2. Such excellent performance was attributed to better dispersion of the Co and Mo atoms together with better interaction between Co and Mo and consequent better sulfi dability of the supported oxo-species.
Mesoporous titania with high SSA can be obtained by various techniques, such as template-directed assembly based on the triblock-copolymer template method 81) or the amine surfactant-mediated template method 82) .
Investigations of such carriers with modification and optimization seems promising.
5. 2. Use of TiO2-Al2O3 Mixed Oxides
The use of aluminia _ titania carriers may be an approach for improving the effi ciency of titania-carrier based catalysts 83) 88) . NiMo/TiO2 _ Al2O3 catalysts are more active than NiMo/Al2O3 catalysts in the HDS of 4,6-dimethyldibenzothiophene (4,6-DMDBT) due to better hydrogenation ability 84) , 88) , which is a crucial parameter in the case of 4,6-DMDBT HDS 89), 90) . Further, NiMo/TiO2 _ Al2O3 catalysts are also more active in the HDS of DBT and 4-methylbenzothiophene (4-MDBT) than NiMo/Al2O3 catalysts 88) . In contrast, CoMo/TiO2 _ Al2O3 catalysts have low activities in the HDS of DBT compared to CoMo/Al2O3 catalysts, which is attributed to the formation of CoMoO4 83) . Optimization of the TiO2 _ Al2O3 mixed oxides used as supports may improve the activities of the derived HDS catalysts. In particular, synthesis methods such as those proposed in 3. 5. 1. for TiO2 supports provide possible approaches to optimization.
5. Use of NiCoMo Active Phase
Another way of improving TiO2-supported HDS catalysts would be to design NiCoMo/TiO2 catalysts. Correct choice of the preparation conditions will increase the value of kRE kRE k of NiCoMo catalysts to greater than that of the corresponding NiMo and CoMo catalysts 91) . As Ni and Co have different promotion effects, optimization of such HDS catalysts supported on TiO2 or TiO2 _ Al2O3 may provide synergic effects.
Conclusion
Modifi cation of HDS catalysts can yield changes in H2 dissociation and/or adsorbed H species mobility, and changes in sulfur mobility. Both effects are linked since the mobility of sulfur involves departure of H2S molecules. The effect of Co and Ni introduction into MoS2 catalysts involves different modifications of the behavior of the active phase (and probably different MoS2 edges). In particular, the 35 S analyses suggest that dynamic sulfur mobility during HDS is enhanced by introduction of Ni or Co on MoS2/Al2O3 catalysts, but this effect is only observed with the Ni promoter in the case of MoS2/TiO2 catalysts. For Co-promoted MoS2/TiO2 catalysts, the conjugated effects of Ti 3+ promotion ( TiMoS phase) and the Co promoter yield inadequate metal _ sulfur interaction by over-weakening the metal _ sulfur bonds. While the Ni promotion seems to weaken the promotion effect of the TiMoS phase with simultaneous creation of conventional NiMoS, the negative effect may be weaker compared with the Co case.
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